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We have investigated the time-scaling properties of the isothermal crystallization process for Cu66Ti34 and Zr65Cu35 amorphous alloys by
differential scanning calorimetry. Local atomic structures have also been studied by extended X-ray absorption fine structure (EXAFS)
measurements. The results are discussed in comparison with the previous results obtained for metal-metalloid amorphous alloys. The time-
scaling factor is defined as the time when the crystallization has reached half completion. By rescaling the time axis for each annealing
temperatures, the crystallization curves measured at various temperatures for each alloy can be superimposed on a single curve in each case. The
Williams-Landel-Ferry formula based on a free-volume consideration gives a universal function for the temperature dependence of the time-
scaling factor for all the alloys. This suggests that we have to take into account the relaxation process occurring in the amorphous phase during
the crystallization. The WLF analysis reveals that there exists a significant difference in the temperature dependence of the scaling factor
between the metal-metal and metal-metalloid amorphous alloys. From the EXAFS study, such difference is considered to be due to the local
structural differences between those two types of amorphous alloys.
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1. Introduction
Since the unique properties of amorphous alloys deterio-
rate drastically upon crystallization, it is quite important to
understand the crystallization processes in amorphous alloys
for their technical applications. The subject is also of
scientific interest as it represents a phase transformation
occurring under extreme conditions far from equilibrium.
The mechanisms involved in the irreversible transformation
from the metastable amorphous state to the stable crystalline
state and their kinetics depend on composition, population of
nucleation sites, diffusion parameters, thermal history of the
sample, etc. However, a similarity is observed in the shape of
crystallization curves, in spite of these differences.
Recently, scaling concepts have been applied to the
description of the crystallization process of amorphous alloys
that is a first-order phase transformation. So far, the success
of scaling concepts in describing the crystallization kinetics
has been reported in amorphous Fe–Ni–P,1) Fe–B–Si,2,3) Fe–
B–Si–(Cr or C)4) alloys. In previous paper,5) we have
reported the first systematic investigation on the time-scaling
properties of the crystallization kinetics in four kinds of
transition metal-metalloid amorphous alloys which exhibit a
single crystallization stage and no supercooled liquid region
before crystallization. We have revealed that the crystal-
lization process in all the alloys studied obeys a time-scaling
law and the temperature dependence of the time-scaling
factor can be well described by the Williams-Landel-Ferry
formula.6) The purpose of this study is to investigate the time-
scaling properties of crystallization processes in the transition
metal-transition metal amorphous alloys, namely, Cu–Ti and
Zr–Cu alloys. The difference in the scaling properties
between transition metal-transition metal amorphous alloys
and transition metal-metalloid amorphous alloys are also
disccussed. Differential scanning calorimetry (DSC) is used
to study the crystallization processes.
2. Experimental Procedure
Amorphous ribbons of Cu66Ti34 and Zr65Cu35 were
prepared by a single roller melt-spinning technique in a
purified argon atmosphere. The melt-spun ribbons were about
5mm in width and 30 to 40 mm in thickness. The amorphicity
of the ribbons was examined by X-ray diffraction with Cu K
radiation. Calorimetric measurements were performed using
a Rigaku DSC-8230B with computerized data acquisition
system. The temperature and energy axes of the instrument
were calibrated from the melting endotherms of pure lead,
zinc and tin. Linear heating and isothermal annealing DSC
curves were measured. In the isothermal experiments, the
amorphous ribbon was heated at a rate of 0.33K/s from room
temperature to the annealing temperature and then annealed.
The annealing temperatures were in range from about 91 to
96% of the crystallization temperature for each ribbon. The
DSC measurements were made in a purified argon (6N) flow.
A powdery Al2O3 was used as a reference material. In order
to investigate local atomic structures, we also measured
extended X-ray absorption fine structure (EXAFS) spectra at
room temperature. The measurement was carried out in the
transmission mode by the use of an EXAC-800 laboratory
EXAFS system (Technos Corp.) which consists of rotating
anode X-ray generator, curved-crystal monochromator and
solid state detector. Johansson-type Ge(220) crystal
(2d ¼ 0:40000 nm) was used as the monochromator.
3. Results and Discussion
The onset temperatures of crystallization measured by
DSC at a heating rate of 0.33K/s are 686K for Cu66Ti34 alloy
and 667K for Zr65Cu35 alloy. A single exothermic peak was
observed on the isothermal DSC curves for both alloys,
indicating that the crystallization of those alloys occurred in a
single stage. The crystallization kinetics was characterized
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from the isothermal annealing DSC curves. For kinetic
studies the time origin was taken as the start of the
crystallization exotherm. This is the point where the DSC
curve starts to deviate from the baseline. The extrapolation of
the baseline under the peak was estimated using the
assumption that the contributions of the amorphous and
crystalline phases to the specific heat of the partially
crystallized sample were in direct proportion to their volume
fractions.7) The volume fraction crystallized xðtÞ at any time t
was determined as the ratio A(t)/A(1), where A(t) is the area
under the exothermic peak up to time t and A(1) is the total
area. The xðtÞ versus t relationships for each annealing
temperature in Cu66Ti34 and Zr65Cu35 alloys are shown in
Fig. 1 and are of the familiar sigmoidal type. The crystal-
lization process is accelerated with increasing temperature.
The qualitative similarity in the shape of these isotherms
strongly suggests that the data can be replotted on a scaled
time axis. We can characterize the time scale of the
crystallization by defining the time t1=2 at which the crystal-
lization is 50% complete. The value of t1=2 can be regarded as
a measure of nucleation and growth parameters in the
crystallization process. We experimentally determined the
time t1=2 and redefined the time scale to be t=t1=2 for each
isotherm of both alloys. Figure 2 illustrates the results of the
rescaling procedure for both alloys. Obviously, all the time-
scaled isotherms of each alloy are superimposed on a single
curve in each case, demonstrating that the crystallization
kinetics obeys a time-scaling law. It is noteworthy that the
annealing temperatures adopted here are in the range from 91
to 96% of the crystallization temperature for each alloy.
Although scaling characteristics of some iron-based amor-
phous alloys1–5) have been reported, to our knowledge, this is
the first test on metal-metal amorphous alloys.
Figure 3 shows the temperature dependence of the time-
scaling factor t1=2. In both alloys, the time-scaling factor
increases rapidly with decreasing temperature. Roig et al.1)
have also reported similar behavior in an amorphous Fe–Ni–
P alloy. They suggest that it is inappropriate to regard the
very large temperature variation of the characteristic time as
a simple activated process. The steep increase of the time-
scaling factor with decreasing temperature means slowing
down of the crystallization process. This is characteristic of
relaxation phenomena in the amorphous state. Several
empirical expressions so far have been proposed to describe
the temperature dependence of relaxation processes in
amorphous state. Among them we used the Williams-
Landel-Ferry (WLF) formula6) to describe the temperature
dependence of the scaling factor because the WLF formula
involves only two parameters as shown in the equation,
Fig. 1 Volume fraction crystallized X as a function of time t for the
Cu66Ti34 and Zr65Cu35 amorphous alloys at various temperatures.
Fig. 2 Time-scaled curves of volume fraction crystallized for the Cu66Ti34
and Zr65Cu35 amorphous alloys.
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t1=2 ¼ t0 exp
20:4ðT  T0Þ
101:6þ T  T0
 
ð1Þ
where T0 is the reference temperature and t0 is the value of
t1=2 at T0. This formula is based on free-volume considera-
tions and holds for a wide variety of polymers. As mentioned
in the original paper,6) the universality of the formula
suggests that the free volume at the glass transition
temperature Tg and the rate of increase of the free volume
with temperature are the same for all polymers. The solid
lines in Fig. 3 are fits to the WLF formula. Quite satisfactory
fits are obtained for each alloy. The values of the fitting
parameters t0 and T0 were 1:58 106 s and 600K, respec-
tively for Cu66Ti34 and 5:45 105 s and 585K, respectively
for Zr65Cu35.
Dividing both sides of eq. (1) by t0 we obtain a universal
function of T  T0 for all samples. Figure 4 shows the
universal plot of t1=2=t0 against T  T0 values. In the figure,
we also plot the data obtained for transition metal-metalloid
amorphous alloys5) for comparison. Although values of two
coefficients (20:4 and 101.6) in eq. (1) are determined from
the composite curves calculated for polymers, all the data
points fall on the universal curve in the range covered. This
demonstrates that the temperature dependence of the time-
scaling factor for the crystallization process in these
amorphous alloys can be described by the WLF formula.
Fundamentally, the WLF formula is an expression which
represents the temperature dependence of free volume.
Therefore, The result of Fig. 4 suggests that the rate-limiting
steps in crystallization process involve relaxation processes
accompanied with free volume changes in the amorphous
phase. In Fig. 4, it is noteworthy that a distinct difference is
observed on the temperature dependence of the scaling factor
between the metal-metal and metal-metalloid amorphous
alloys. The metal-metal amorphous alloys locate at the region
of T  T0 < 60K, and the metal-metalloid amorphous alloys
locate at the region of T  T0 > 60K.
In order to investigate the origin of this difference, we
measured the Cu K-edge EXAFS spectra for Cu66Ti34 and
Zr65Cu35 amorphous alloys. The EXAFS signals were
extracted from the raw data using a standard procedure.8)
The absorption background below the K-edge was extra-
polated to the EXAFS region by a Victoreen fit, and the
atomic absorption was approximated by a polynomial
expression. Figure 5 indicates the radial structure functions
FðrÞ obtained for Cu66Ti34 and Zr65Cu35 amorphous alloys.
Each radial structure function represents a single peak well
isolated in the vicinity of 0.20 nm for Cu66Ti34 and of
0.22 nm for Zr65Cu35. The inverse Fourier transformation of
FðrÞ was employed to the isolated first peak to obtain a
filtered EXAFS function in k space. The obtained filtered
EXAFS functions are shown in Fig. 6 (solid circles). The
nearest neighbor distance and coordination number around
Cu atom were determined from the filtered EXAFS function
by a curve-fitting method. The two-shell approximation was
employed for curve-fitting. The phase shift and backscatter-
ing amplitude calculated from curved-wave theory9) were
used in the curve-fitting procedure. The results of the fitting
are illustrated by solid lines in Fig. 6. The structural
parameters obtained by the curve-fitting are summarized in
Table 1. The values obtained here agree with those reported
by Raoux et al.10) for Cu66Ti34 and by Chen and Waseda
11)
for Zr65Cu35. It is evident from the result that local atomic
structures of Cu66Ti34 and Zr65Cu35 amorphous alloys differ
Fig. 3 Temperature dependence of the scaling factor t1=2 for the Cu66Ti34
and Zr65Cu35 amorphous alloys. The solid lines are fits to the WLF
formula as described in the text.
Fig. 4 Plot of the ratio t1=2=t0 versus temperature T  T0. Solid line is the
normalized WLF formula.
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from those of the metal-metalloid amorphous alloys. It is
known that the local atomic structure of the metal-metalloid
amorphous alloys is well described by trigonal prismatic
structural units in which six metal atoms surround a central
metalloid atom.12–14) Local atomic structures of amorphous
materials significantly influence relaxation processes. Con-
sequently, such structural differences are considered to be
responsible for the difference in temperature dependence of
the scaling factor between the metal-metal and metal-
metalloid amorphous alloys as observed in Fig. 4.
4. Conclusion
The isothermal crystallization process was studied using
time-scaling factor for Cu66Ti34 and Zr65Cu35 amorphous
alloys. The results were compared to the previous results
obtained for metal-metalloid amorphous alloys. The follow-
ing conclusions can be drawn:
(1) The isothermal crystallization curves measured at
various temperatures for each alloy can be super-
imposed on a single curve in each case when the time
axis is rescaled by a characteristic time t1=2. This
demonstrates that the crystallization process of those
alloys obeys a time-scaling law within the annealing
temperatures used in this study.
(2) The temperature dependence of the characteristic time
can be described by the Williams-Landel-Ferry formula
based on a free-volume consideration. This strongly
suggests that the rate-determining steps in the crystal-
lization process involve relaxation processes in the
amorphous phase. In the WLF analysis, a significant
difference is observed in the temperature dependence of
the characteristic time between the metal-metal and
metal-metalloid amorphous alloys. This difference is
considered to result from local structural differences
between those two types of amorphous alloys.
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